Huntington's disease (HD) is a fatal neurodegenerative disorder caused by expansion of a polyglutamine tract in the huntingtin protein (htt) that mediates formation of intracellular protein aggregates. In the brains of HD patients and HD transgenic mice, accumulation of protein aggregates has been causally linked to lesions in axo-dendritic and synaptic compartments. Here we show that dendritic spines -sites of synaptogenesis -are lost in the proximity of htt aggregates because of functional defects in local endosomal recycling mediated by the Rab11 protein. Impaired exit from recycling endosomes (RE) and association of endocytosed protein with intracellular structures containing htt aggregates was demonstrated in cultured hippocampal neurons cells expressing a mutant htt fragment. Dendrites in hippocampal neurons became dystrophic around enlarged amphisome-like structures positive for Rab11, LC3 and mutant htt aggregates. Furthermore, Rab11 overexpression rescues neurodegeneration and dramatically extends lifespan in a Drosophila model of HD. Our findings are consistent with the model that mutant htt aggregation increases local autophagic activity, thereby sequestering Rab11 and diverting spine-forming cargo from RE into enlarged amphisomes. This mechanism may contribute to the toxicity caused by protein misfolding found in a number of neurodegenerative diseases.
Huntington's disease (HD) is a fatal neurodegenerative disease caused by expansion of a polyglutamine (polyQ) tract in the huntingtin protein (htt). 1 The expansion of this polyQ region beyond a critical threshold of B35 glutamines leads to formation of insoluble intranuclear and cytoplasmic amyloid fibers resulting from self-association of mutant htt. 2 Mutant htt-containing aggregates have been identified in the brains of HD patients, 3 as well as in mice expressing mutant htt. 4 Critically, polyQ length in mutant htt correlates directly with the kinetics of its aggregation in vitro and as well as with disease severity. 5, 6 Although protein aggregates are a consistent feature of many neurodegenerative diseases, 7 their role in the degenerative process is unclear. Although several studies have found aggregates to be associated with cell death, [8] [9] [10] others have found no correlation between aggregation of mutant htt and cellular toxicity. 11, 12, 13 A provocative study has found that the presence of inclusion bodies containing mutant htt may actually predict lower risk of cell death in primary neurons.
14 Indeed, it has been DZNE, German Center for Neurodegenerative Diseases, suggested that htt aggregates may represent a molecular sink for soluble toxic htt forms. 11, 14 Recent work indicates that soluble oligomers or 'microaggregates' of mutant htt, which may represent one of the toxic species of misfolded htt critical for HD pathology, form in a polyQ-dependent manner both in vitro and in vivo. 15 Such soluble aggregate species precede symptoms in HD mice and may contribute to pathology in this model system. 16 The lack of a causal link between formation of insoluble aggregates and cell death is reinforced in animal models of HD. For example, the R6/1 and R6/2 transgenic HD mice, which express a mutant htt fragment and present with both nuclear and cytoplasmic aggregates, have behavioural changes consistent with HD but exhibit little neuronal death. 17 These observations support work showing that an early feature of HD is loss of synaptic connections that are independent of neurodegeneration. [18] [19] [20] However, it is unclear if the formation and sub-cellular localization of aggregates has a role in this process. Interestingly, 'shortstop' HD mice, which also express a mutant htt fragment, but exhibit primarily nuclear htt aggregates, do not display any clinical signs of neuronal dysfunction or neurodegeneration. 21 Exocytic trafficking by dendritic recycling endosomes (RE) provides critical components for post-synaptic membrane formation and maintenance. 22 Synaptic components are also retrieved from the plasma membrane by endocytosis into REs and can be either reinserted or degraded. 23 As vesicle trafficking events have been implicated in HD, [24] [25] [26] [27] [28] [29] we decided to investigate whether aggregation of a mutant htt exon-1 fragment in the cytoplasm would affect spine maintenance by interfering with endosomal trafficking. Previous reports have shown a disruption of endocytic trafficking in cells expressing a mutant htt fragment, 28 ,29 which appears to be mediated by Rab11, a GTPase involved in RE function. [30] [31] [32] Here, we show that mutant htt expression impairs directional transport from the endocytic recycling centre (ERC) to the plasma membrane in PC12 cells and in the R6/2 HD mouse model. Furthermore, we find that in hippocampal neurons blockage of transport by mutant htt aggregates impairs trafficking of membrane material to dendritic spines, ultimately leading to spine loss. Remarkably, we found that this impairment can be overcome by overexpression of the recycling endosome protein Rab11, and that Rab11 overexpression also rescues HD-relevant phenotypes in a Drosophila model of this disease. In total this work suggests that spine loss due to mutant htt aggregates may lead to synaptic loss, and ultimately neuronal dysfunction, in HD and that this impairment can be restored by Rab11.
Results
Endocytic recycling is impaired in a cell culture model of HD. We initially investigated RE activity by monitoring the uptake of Alexa 568-Transferrin (Tfn) into live PC12 cells expressing a GFP-tagged N-terminal htt fragment of htt with either 24 or 74 glutamine repeats (HttQ24-GFP and HttQ72-GFP, respectively) under control of the deoxycline (dox) promoter. 33 Induction of the transgene by 1 mg/ml dox resulted in time-dependent aggregation of mutant htt, with approximately 40% of cells exhibiting aggregates after 4 days (data not shown). In uninduced cells, endocytosed Alexa 568-Tfn was distributed in small puncta; in doxinduced cells, Alexa 568-Tfn was concentrated in large perinuclear bodies with cells expressing HttQ74-GFP (Figure 1a) . The kinetics of Alexa 568-Tfn uptake into individual PC12 cells showed that the net rate of uptake (Figure 1d ) of biotinylated-Tfn was determined separately by western blotting. This revealed impairment in efflux of Tfn from HttQ74-expressing PC12 cells rather than an increased rate of uptake. As Rab11 modulates exit from recycling centres, we tested whether the deficit in Rab11 observed in cells expressing HttQ74-GFP could be because of the impairment in exocytosis. We initially used siRNA oligonucleotides to reduce the level of the two isoforms of Rab11 (a and b) in PC12 cells. Knockdown of either Rab11b alone or Rab11a and b impaired exit from the recycling centre and increased the saturation point for transferrin uptake (Figure 1e ). Knockdown of Rab11a alone had no effect on the exit of transferrin from the recycling centre.
Finally, we investigated whether the impaired exit would result in protein accumulation within the recycling centre. Cells were loaded with transferrin and organelles separated by density gradient centrifugation ( Figure 1f ). This allowed analysis of the recycling centre and associated vesicles. Cells induced for 4 days, a high percentage of which present with aggregates, exhibited an increase in the density of the recycling centre, as well as a pronounced second peak associated with denser vesicles. Strikingly, this data suggests a correlation between mutant htt aggregate load and increased density of the recycling centre.
Levels of proteins involved in endocytic recycling are altered in a mouse model of HD. Next, we looked at the expression levels of a number of proteins involved in endocytic recycling in the R6/2 mice, which are transgenic for an N-terminal fragment of the htt protein containing an expanded glutamine repeat. 34 Proteins involved in endocytosis and early endosome transport (EEA-1, clathrin, Rab5) were unaffected in the R6/2 mouse. However, Rab4, which delivers cargo to the ERC, was significantly increased in the transgenic animals and Rab11, which is involved in exit from the recycling center, was significantly decreased, suggesting an impairment in endocytic recycling. Therefore, our observations in HD model mice support the findings in PC12 cells (Figure 1g ).
Loss of dendritic spines in hippocampal neurons occurs at sites of aggregate formation. We next asked whether the decrease in Rab11 and the mutant htt-specific lesion in endocytic recycling could be causally linked to the maintenance of dendritic spines. To this end, we transiently transfected cultures of hippocampal neurons with Htt exon-1 constructs encoding either 25Q or 47Q repeats. After 7 days in culture the cells were simultaneously transfected with the GFP-tagged htt constructs and tdTomato to facilitate the imaging of spine number and morphology. At 7 days post-transfection (14 DIV) neurons showed a uniform expression of HttQ25-GFP, distributed in a similar pattern to that of tdTomato ( Figure 2a ). In contrast, we saw a spectrum of HttQ47-GFP distribution with 24% of the cells Figure 2e ). To test if aggregate formation influenced spine density we counted spine number within 10 mm (either side) of an aggregate and compared it with dendritic areas distant from aggregates in the same HttQ47-expressing neuron (Figure 2f ). This revealed fewer dendritic spines near to aggregate formation (Figure 2g ). Furthermore, spine loss was symmetrical about the aggregate and not biased to distal or proximal sides, relative to the neuronal soma, suggesting that aggregates do not physically block vesicular transport.
Mushroom-type dendritic spines are selectively lost in the vicinity of aggregates. Mushroom-type spines are considered to be the most mature form in hippocampal neurons and contain abundant glutamate receptors (GluR) compared with filipodia (Matsuzaki et al., 2001). Individual quantification of the three spine types -filopodia, stubby and mushroom revealed that mushroom spines are selectively decreased in the vicinity of aggregates in HttQ47-GFP-expressing neurons compared with HttQ25-GFP (Figure 2h ). The selective loss of mushroom spines was progressive; with 21 DIV neurons showing a greater percentage loss of mushroom spines than those at 14 DIV (Figure 2i ). In this time period mushroom spine density increases by 1.9-fold in HttQ25-GFP-expressing neurons but remains unchanged (P ¼ 0.63; Student's t-test) in HttQ47-GFP-expressing cells, showing the effect is not transient nor a result of delaying spine development.
Exocytic trafficking is impaired by htt aggregates. To explore the possibility that the above spine loss resulted from impaired exocytic trafficking, we loaded Alexa 633-Tfn in HttQ47-GFP-expressing hippocampal neurons. We found that in the vicinity of dendritic HttQ47 aggregates, Tfncontaining vesicle volume was increased (Figure 3a) . Moreover, some endocytosed Alexa 633-Tfn appeared to localise around dendritic aggregates of HttQ47-GFP ( Figure 3b) .
Next, we investigated the effects of dendritic aggregates on GluR recycling. GluRs are stored in dendritic REs and transported to the postsynaptic density upon stimulation. 35 We focused on dendritic areas adjacent to mushroom-spines in HttQ25-GFP-and HttQ47-GFP-expressing hippocampal neurons and determined the distribution of GluR1 between the spine and the underlying dendrite (Figure 3c ). In neurons containing HttQ47-GFP aggregates a higher proportion of GluR1 were retained within dendrites and not transported into spines (Figure 3d ). Furthermore, we observed GluR1 staining in the vicinity of protein inclusions (Figure 3e ).
Enlarged amphisome-like structures form around mutant htt aggregates in dystrophic dendrites. As the small GTPase Rab11 is essential both for exocytic trafficking from REs and for amphisome formation by fusion of multivesicular bodies (MVBs) with autophagosomes, 36 we investigated trafficking organelles involved in the recycling and degradation pathways. In dendrites of neurons cotransfected with Rab11-EYFP, Rab11 distribution changed from diffuse dendritic staining in HttQ25-GFP-expressing neurons to punctuate clustering around protein aggregates in those expressing HttQ47-GFP (Figures 4a and b) . Many of the dendritic regions around these HttQ47-GFP aggregates were dystrophic and contained vacuolar swellings (Figures 4c  and e ), which were also positive for the autophagic marker, LC3-mRFP (Figure 4d ). Close association of Rab11 with aggregates could also be associated with amphisome-like structures. 37, 38 We examined this question by triply transfecting neurons with Rab11-EYFP, HttQ47-GFP and LC3-mRFP and observed a large LC3-positive structures in the dystrophic swellings that are associated with aggregates (Figures 4c and d, f-h) . The LC3-positive structures contained both HttQ47-GFP aggregates and Rab11, (i) Numbers of spines within 10 mm of an aggregate in HttQ47-GFP-expressing neurons co-transfected with Rab11 compared with numbers in HttQ25-GFP showed no difference therefore defining them as amphisomes. We counted spine number in cells co-transfected with either Rab11-EYFP and HttQ47-GFP or HttQ47GFP and HttQ25GFP, and in contrast to Figure 2g there was no significant difference between spine densities in HttQ47-GFP aggregate-containing regions and HttQ25-GFP-expressing cells (Figure 4i ). This demonstrates rescue of phenotype by overexpression of Rab11in hippocampal neurons.
Rab11
overexpression rescues disease-relevant pathology in HD flies. To address whether Rab11 overexpression can ameliorate HD-relevant phenotypes in vivo, we took advantage of a widely used Drosophila HD model that expresses a human htt exon-1 fragment similar to that expressed in R6/2 HD model mice (1) . Mutant htt transgene (HttQ93) expression was driven pan-neuronally using the UAS/GAL4 system, generating several phenotypes, including neurodegeneration of photoreceptor cells (rhabdomeres) in the fly eye, decreased adult emergence from the pupal case (eclosion) and decreased lifespan/ survival (1). We therefore analysed the level of neurodegeneration in flies expressing HttQ93 pan-neurally using the elavgal4 driver, and compared them with those expressing both HttQ93 and Rab11. We found that overexpressing Rab11 in this way gives a highly significant B43% rescue of rhabdomere degeneration at day 1 after eclosion (Figures 5a and b) . Next, we measured the frequency of eclosion in HD flies with or without overexpression of Rab11. Previous studies determined that B20-30% of flies expressing HttQ93 emerge from the pupal case. 39, 40 Similarly, in our experiments, we observed that B40% of HD flies emerged as adults (Figure 5c ). Remarkably, we found that overexpression of Rab11 almost completely rescued the HD eclosion phenotype, with a greater than twofold increase in emergence (Figure 5c ). HD flies that are able to eclose have reduced adult survival. In order to determine if Rab11 overexpression is able to rescue this phenotype, we performed survival analysis on Rab11 HD flies and HD flies alone. Provocatively, we found that overexpression of Rab11 increased median survival of HD flies by 50%, from 10 to 15 days (Figure 5d ). In total, these results reveal for the first time that Rab11 overexpression rescues several disease-relevant phenotypes in an animal model of HD. This in vivo model confirms the role of endocytic trafficking in the pathology of HD.
Discussion
Synaptic loss has been observed in HD transgenic mice along with a high aggregate load in the neuropil. 20, 41 Recently, it has been shown that reducing the levels of htt aggregates in the neuropil of HD transgenic mice ameliorates neurological phenotypes. 42 We developed a cellular HD model in primary hippocampal neurons to allow examination of dendritic spines in the presence of mutant htt exon-1 fragment aggregates. In this model, we observed fewer dendritic spines close to htt aggregates but not in areas where the mutant protein was still diffuse and soluble. These areas of aggregate formation were also associated with two other phenomena: a rearrangement of the endocytic recycling network and enlarged autophagic vacuoles. It is well established that protein aggregates are refractory to digestion and reside in autolytic compartments. 3, 43, 44 Our results suggest that an early consequence of reduced clearance is loss of dendritic spines.
Our data reveal a lesion in endocytic recycling induced by aggregate formation. The multivesicular body is critical for the autophagic clearance of protein aggregates 45 and dendrites have MVBs in close proximity to dendritic spines and REs. 46 The MVB is a late endocytic trafficking vesicle containing a number of internal vesicles of low pH that facilitate proteolysis, which fuse with autophagosomes in a Rab11-dependent step to form a hybrid organelle; the amphisome. 36, 38 In the final stage, amphisomes fuse with lysosomes to generate autolysosomes that degrade susceptible cargo.
Rab11 also has a general role in the exocytic trafficking of membrane from dendritic REs to the dendritic spine. Therefore, material accumulating in degradative vesicles could appropriate Rab11, compromising the effectiveness of exit from the RE: this becomes particularly critical if Rab11 is present in limiting quantities. We show here that enlarged amphisome-like structures, formed from the Rab11-dependent fusion of MVBs with LC3-positive autophagosomes, are associated with areas of dendritic dystrophy and reduced spine number. We suggest that redistribution of Rab11 to the amphisome impairs Rab11-dependent exocytosis from the RE. In support of a central role for Rab11 in the mechanism of aggregate formation and synaptic loss, overexpression of Rab11 along with HttQ47-GFP prevented spine loss and aggregate formation. Finally, we have shown that overexpression of Rab11 in a Drosophila model of HD can rescue several disease-relevant phenotypes, including survival and neurodegeneration, which further supports a central role for impairment of Rab11 function in HD pathology, and may inform future therapeutic strategies for this disorder. In total, this work suggests that impairment of Rab11-dependent exocytosis may have a role in the progressive loss of synaptic connectivity in HD. It is possible that similar mechanisms could be occuring in other slow neurodegenerative diseases where protein aggregates are a hallmark of pathology.
Materials and Methods
Tissue culture and transfection with plasmids. Primary hippocampal cultures were prepared from 1-day-old rats as described previously. 47 Mouse hippocampal neurons were prepared from 1-day-old C57/BL6 neonates in a similar manner to the rat cultures, except that mouse neurons were grown in Neurobasal A medium supplemented with 2% B27, 2 mM glutamax and 1 mg/ml gentamicin. At 7 DIV, neurons were transfected with plasmids expressing tdTomato, HttQ25-GFP, HttQ47-GFP, Rab11-EYFP and LC3-mRFP. A volume of 1 mg DNA and 0.5 ml Lipofectamine 2000 (Invitrogen, Paisley, UK) was added to cells for 6 h, before medium was replaced. Where HttQ25-GFP and HttQ47-GFP constructs were used in conjunction with tdTomato (Clontech-Takara Bio Europe, Saint-Germain-en-Laye, France), a DNA ratio of 0.67 mg Htt-GFP to 0.33 mg tdTomato was used. For triple transfection, equal amounts of all three constructs were used. Neurons were imaged between 14 and 21 DIV. PC12 cells expressing HttQ74-GFP or HttQ25-GFP under control of a tetracycline promoter were grown and induced as described previously. 33 All htt constructs encode N-terminal htt exon-1 fragments with polyQ lengths as indicated.
Confocal imaging and analysis. Cells were mounted on a Zeiss LSM 510 META laser scanning confocal microscope and imaged at 37 1C in Krebs buffer. In general, a series of z-slices were obtained and used to reconstruct a 3D model of the dendritic region of interest using Volocity software (Improvision; PerkinElmer, Cambridgeshire, UK) to identify spine morphology. For live cell imaging of transferrin uptake, PC12 cells were initially washed with serum-free medium (SFM) and incubated for 30 min at 371C to clear the cells of transferrin. The cells were then mounted onto the microscope and transferrin-Alexa-633 was added (final concentration 5 mg/ml). The time lapse was immediately started and run for 1 h at room temperature. Z-Stacks of nine images were taken at each time point, starting at an interval of 30 s and finishing with an interval of 5 min. To simultaneously image YFP and GFP signals in transfected hippocampal cells, emission fingerprinting was used. Essentially, spectra from either YFP or GFP transfected Hela cells were used to derive fingerprints, that was subsequently used to unmix signals from doubly transfected cells.
Analysis of transferrin uptake and extrusion from PC12 cells. PC12 cells were washed twice with warm SFM and incubated for 1 h at 371C to clear them of transferrin. To measure uptake, cells were loaded with 2 mg/ml biotinylated transferrin in SFM at room temperature for 5, 10, 20 or 30 min. At each time point, the cell culture plate was cooled on ice; the cells were washed twice with cold PBS and lysed in RIPA buffer. Proteins were resolved by SDS-PAGE, blotted and probed with an HRP-conjugated antibody to biotin. To measure transferrin extrusion, cells cleared of unlabelled transferrin were loaded with biotinylated transferrin (10 mg/ml) in SFM for 1 h at 371C. After loading, the cells were quickly washed twice in pre-warmed SFM and then chased for 0, 15, 30 and 60 min in Immunocytochemistry. Hippocampal neurons were fixed in 4% paraformaldehyde and permeabilised in 0.1% Triton. After subsequent overnight blocking in 0.5% BSA, 0.2% goat serum in PBS, cells were incubated with anti-GluR1 (Millipore; AB1504, Watford, UK) at a dilution of 1 : 100 in blocking buffer. Cells were washed and incubated with a secondary antibody (Alexa-633 conjugated; Invitrogen) and mounted.
Fly stocks. Flies were raised on maize media, in LD12 : 12 at 251C. The chromosomal elav-GAL4 (c155) driver and the w;UASRab11-GFP (8506) stocks were obtained from the Bloomington Stock Centre, University of Indiana, Bloomington, IN, USA. The w; þ ;UAS Htt exon-1-Q93 flies have been previously described (line P463 39 ). Experimental flies were: Htt ¼ w,elavGAL4/w; þ ;UASHtt/ þ and HttRab11 ¼ w,elavGAL4/w; UASRab11/ þ ; UASHtt/ þ . Eclosion analysis. Males carring the pan-neuronal elavGAL4 driver on the X chromosome were crossed to virgin females homozygous for the UAS-transgene(s). Of the resulting progeny, only females inherited the elavGAL4 driver and therefore expressed the UAS-transgene(s), whereas males carried the UAS-transgenes but not the driver. The numbers of females and males eclosing in each vial were counted every day until all the F1 progeny had emerged. Percent eclosion was calculated as (no. of females/no. of males) Â 100. For statistical analysis two-way ANOVA was used to compare the proportion of HttRab11 females eclosing per vial with that of Htt males from their corresponding crosses (F ¼ 40.4 1, 30 Poo0.0001). More than 1000 progeny were counted for each cross.
Survival analysis. Htt and HttRab11 females were generated as described above, and collected within 24 h from eclosion. A total of 600 Htt and 200 HttRab11 flies were kept at 251C in groups of 10 per vial. Every other day the number of surviving flies was scored in each vial, and the flies moved to fresh food. Survival statistics were performed using Kaplan-Meier survival curve analysis with log rank test.
Pseudopupil analysis. The number of visible rhabdomeres per ommatidium was scored 39 for 4100 ommatidia per fly, and at least 10 flies were examined per genotype. The two-way ANOVA was used for statistical analysis.
